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Laser spectroscopy of short-lived radium isotopes in a linear Paul trap has been performed. The
isotope shifts of the 6d 2D3/2 - 7p
2P1/2 transition in
209−214Ra+ were measured, which are sensitive
to the short range part of the atomic wavefunctions. The results are essential experimental input for
improving the precision of atomic structure calculation. This is indispensable for parity violation in
Ra+ aiming at the determination of the weak mixing angle.
PACS numbers: 32.30.Bv, 11.30.Er, 31.30.Gs, 32.10.Fn
A measurement of the isotope shifts of the 6d 2D3/2 -
7p 2P1/2 transition in a series of trapped, short-lived ra-
dium isotopes 209−214Ra+ with nuclear spins of I = 0,
1/2 and 5/2 is reported. The shifts are complementary to
previously measured isotope shifts in this system [1, 2].
They are sensitive to the short range behavior of the
atomic wavefunctions. Of particular importance are the
7s 2S1/2 ground state and the metastable 6d
2D3/2 state
in connection with a planned measurement of atomic par-
ity violation (APV) using a single trapped radium ion.
The information from optical isotope shift measurements
are indispensable to improve atomic structure calcula-
tions [3–6] and their contributions to APV effects.
The concept for an APV experiment based on a single
ion has been worked out for Ba+ [7, 8]. However, the
relative strength of the APV signal is 20 times larger for
Ra+ [6] and an experiment to exploit this enhancement
is currently developed within the TRIµP research pro-
gram at KVI. The experiment aims at a 5 fold improved
measurement of the weak mixing angle over the sole best
APV result in atomic ceasium [9–12].
The radium isotopes 212−214Ra are produced at the
TRIµP facility in inverse kinematics by the fusion and
evaporation reaction 206Pb + 12C → (218−x)Ra + xn,
where x is the number of evaporated neutrons [13]. A
204Pb beam is used for the production of 209−211Ra. The
half lives (T1/2) of the isotopes are 4.6(2) s for
209Ra,
3.7(2) s for 210Ra, 13(2) s for 211Ra, 13.0(2) s for 212Ra,
163.8(3.0) s for 213Ra, and 2.46(3) s for 214Ra [14]. The
Ra isotopes are separated from the primary beam and
other reaction products in a double magnetic separa-
tor [15]. Subsequently they are stopped in a Thermal
Ionizer (TI) consisting of a stack of 0.75 µm thick tung-
sten foils in a ∼ 2500 K hot tungsten cavity [16], and
ionized on the hot surfaces. They are electrostatically ex-
tracted as a singly charged Ra+ beam with an efficiency
>8% [13]. A Wien filter in the ion transport system sup-
presses other ion species from the TI. The Ra+ beam
is injected into a gas-filled Radio Frequency Quadrupole
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(RFQ) cooler. The segmented linear quadrupole with an
electrode tip spacing of 5 mm is operated as a trap by ap-
plying suitable potentials to the segments along the axis
of the RFQ. An RF amplitude of 190 V at 500 kHz be-
tween the opposite electrodes yields an effective potential
depth of 13 V. An axial potential depth of 10 V is chosen
for optimal trapping efficiency. The ions are thermalized
by Ne buffer gas with a pressure of 1-5 × 10−2 mbar.
The typical number of ions in the trap is about 1000 for
212Ra+.
FIG. 1. (Color online) Level scheme of 209,211Ra+ with nu-
clear spin I=5/2. The hyperfine structure splitting is enlarged
for visibility.
Laser spectroscopy is performed by driving optical
transitions at wavelengths λ1 and λ2 (Fig. 1). Light
from two extended cavity diode lasers at wavelength λ1
is overlapped and transported to the ion trap in a single
mode optical fiber. A separate single mode optical fiber
transports light from an extended cavity diode laser at
wavelength λ2 to the trap. The laser beams at differ-
ent wavelength are overlapped on a dichroic mirror and
aligned along the axis of the trap in order to minimize
stray light. Typical laser intensities at the trap center are
200 µW/mm2(λ1) and 600 µW/mm
2 (λ2). The transi-
tions are detected by fluorescence at wavelength λ1 by an
imaging lens system and a photo multiplier tube. A low-
2FIG. 2. (Color online) Schematics for ion trapping and laser
spectroscopy. Repump laser I (auxiliary laser) is continuously
locked to the wavelength meter. This is also cross-referenced
to the frequency comb and serves as a reference laser. Re-
pump laser II is used for spectroscopy. Both the pump lasers
are used for spectroscopy and they are monitored with a tel-
lurium (Te2) molecular reference.
pass filter with 80% transmission for wavelengths shorter
than 500 nm suppresses unwanted stray light. The setup
is shown in Fig. 2.
The wavelengths of the lasers are monitored by two
commercial wavelength meters with an absolute fre-
quency uncertainty of 50 MHz. This was achieved by
calibrating them against the molecular iodine I2 reference
line R116(2-9)a15 at νI2 = 419,686,834(3) MHz employ-
ing saturated absorption spectroscopy [17]. The laser at
wavelength λ1 is stabilized to a fraction of the Doppler
broadened linewidth of about 300 MHz (FWHM) while
the frequency of the laser at λ2 is determined with the
help of an optical frequency comb. The latter is achieved
by employing an auxiliary laser at wavelength λ2, which
is referenced against the frequency comb by a beatnote
fBeatComb = νaux − νmth , where νaux is the frequency of
auxiliary laser and νmth is the frequency of the m
th comb
line. The signal-to-noise ratio of the beatnote is typi-
cally 40 dB with 1 MHz bandwidth. The frequency νLaser
of the laser which drives the 6d 2D3/2 - 7p
2P1/2 transi-
tion is determined by the beatnote frequency fBeatLaser
= νLaser − νaux with the auxiliary laser, yielding
νLaser = m× fREP + fCEO + fBeatComb + fBeatLaser. (1)
Here, m is the mode number, fREP = 250,041,000 Hz
is the repetition rate and fCEO=20,000,000 Hz is the
carrier-envelope-offset frequency of the comb. The ac-
curacy of the frequency comb is derived from a GPS sta-
bilized Rb clock to be better than 10−11 which is not
limiting the precision of the results presented in this
TABLE I. Measured frequencies of the transitions in even
isotopes with respect to the frequency νmth of the m
th comb
line in MHz.
210Ra+ 212Ra+ 214Ra+
6d 2D3/2 - 7p
2P1/2 200(11) 1059(2) 2084(11)
TABLE II. Measured frequencies of the transitions in odd
isotopes with respect to the frequency νmth of the m
th comb
line in MHz.
6d 2D3/2 - 7p
2P1/2
209Ra+ 211Ra+ 213Ra+
F=4→F=3 455(30) 1363(3) -
F=3→F=3 1130(58) 2049(10) -
F=2→F=3 1527(68) 2456(12) -
F=1→F=0 - - −1356(2)
paper. The sign of fBeatLaser is either positive or neg-
ative depending on the detuning of the scanning laser
with respect to the auxiliary laser. The course determi-
nation of the frequency with the calibrated wavelength
meter yields a mode number m = 1111032. The un-
certainty is only a fraction (0.2) of one mode spacing
due to the calibration accuracy of the wavelength meter.
This results in the frequency of the mth comb line νmth
= 277,803,572.31(3) MHz, where the uncertainty arises
from the Rb clock.
In the experiment it is sufficient to drive the tran-
sitions by one laser at the pump wavelength λ1 and
one at the repump wavelength λ2 for isotopes with I=0.
For isotopes with I 6=0, both hyperfine ground states are
pumped simultaneously by individual lasers, since the
hyperfine splitting of 7s 2S1/2 state of 15-25 GHz is
much larger than the observed linewidth. The 7s 2S1/2 -
7p 2P1/2 transition is continuously driven. The excited
7p 2P1/2 state decays into 6d
2D3/2 state with branch-
ing ratio of about 1 in 10. The 6d 2D3/2 state de-
cays into the ground state by radiative decay and col-
lision induced transitions which depend on the type of
buffer gas and its pressure [18]. This is much slower
than the resonant laser driven transfer to the ground
state. Furthermore, the buffer gas provides mixing of
the hyperfine states, which prevents optical pumping to
a dark state. The repump transition is driven by a sin-
gle laser, since the hyperfine splitting of 6d 2D3/2 state
is less than a GHz. To obtain a good signal-to-noise ra-
tio, many scans over the resonances are averaged. A
set of 6d 2D3/2 hyperfine states can be populated by
selecting 7s 2S1/2 - 7p
2P1/2 hyperfine transitions. The
6d 2D3/2 (F=1) state in
213Ra+(I=1/2) is populated by
choosing the 7s 2S1/2 (F=1) - 7p
2P1/2 (F=0) transition,
thereby forming a closed cycle. The 6d 2D3/2 (F=2,3,4)
states in 209,211Ra+(I=5/2) are populated by selectively
pumping via the 7p 2P1/2 (F=3) state. The observed
transitions have been calibrated to a common frequency
axis (Fig. 3a to 3c). The position of each transition is
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FIG. 3. (Color online) 6d 2D3/2 - 7p
2P1/2 transitions in
209−214Ra+. The horizontal axis shows the laser frequency
offset from the frequency of 1111032th comb line. The
solid lines represent a fit with one or three Gaussian func-
tions. (a) Isotopes with I=0. (b) Isotope with I=1/2: The
6d 2D3/2 (F=1) - 7p
2P1/2 (F=0) transition is shown. (c) Iso-
topes with I=5/2: The 6d 2D3/2 (F=4,3,2) - 7p
2P1/2 (F=3)
transitions are shown, where all peaks at low frequency cor-
respond to the 6d 2D3/2 (F=4) - 7p
2P1/2 (F=3) transitions.
determined by fitting the data with Gaussian profiles.
The measured transitions frequencies are listed in Ta-
ble I and II. The quoted uncertainties are limited by the
statistical precision of the data. The uncertainties due to
possible systematic effects such as residual Doppler shifts,
pressures shifts, lifetimes, and laser linewidths have been
estimated to be on the level of 1 MHz, which is very small
compared to the statistical uncertainties.
The isotope shift of a spectral line is commonly param-
eterized as [19]
δνMM ′ = (KNMS+KSMS)
M −M
′
MM ′
+FFS δ〈r
2〉MM ′ , (2)
where δνMM ′ = νM − νM ′ . M and M
′
are the masses of
the reference isotope and the isotope of interest respec-
tively, both in atomic mass units. KNMS and KSMS are
the normal and specific mass shift components and FFS
is the field shift component. δ〈r2〉MM ′ is the difference
in mean square nuclear charge radii, which is common
to all transitions for a pair of nuclei. Both the specific
mass shift and the field shift are characteristic to a par-
ticular transition. Here they are defined as the shift of
the lower level, minus the shift of the upper level. The
normal mass shift can be calculated from the expression
KNMS = νme, where ν is the transition frequency and
me is the mass of electron in atomic mass units.
A King plot analysis [20] is used to separate the spe-
cific mass shift and the field shift components. Here the
transformed isotope shifts (∆νKing
MM ′
) are used, which are
obtained by subtracting the normal mass shift compo-
nent from the experimentally measured isotope shifts and
multiplying both sides of Eq. (2) by MM
′
/(M − M
′
).
Eq. (2) is rewritten as
∆νKing
MM ′
= KSMS + FFS δ〈r
2〉MM ′
MM
′
M −M ′
(3a)
= δνMM ′
MM
′
M −M ′
−KNMS. (3b)
In a comparison between two different optical transitions
i and j, the transformed isotope shifts can be written as
∆νj,King
MM ′
=
F jFS
F iFS
∆νi,King
MM ′
+KjSMS −
F jFS
F iFS
KiSMS . (4)
This is essentially a linear relation of the transformed iso-
tope shifts of one transition (∆νj,King
MM ′
) against the cor-
responding shifts of the other transition (∆νi,King
MM ′
). The
slope yields the ratio of field shifts and the difference in
specific mass shifts appears as the crossing with the ab-
scissa.
214Ra+ has been chosen as the reference isotope in or-
der to be consistent with previous work [1]. The differ-
ence in transition frequencies for the even isotopes yields
directly the isotope shift. For 209,211,213Ra+(I 6=0) the iso-
tope shifts are given between the centers of gravity of the
6d 2D3/2 and 7p
2P1/2 states. This requires the magnetic
4TABLE III. Isotope shifts of 6d 2D3/2 - 7p
2P1/2 transition
in 209−214Ra+ with the relevant hyperfine constants. The
comparatively large error bar on the isotope shift of 209Ra+ is
a consequence of low signal-to-noise ratio due to lower yield
and shorter life time of the isotope.
Mass A(6d 2D3/2 ) B(6d
2D3/2 ) A(7p
2P1/2 ) δν214,M′
Number MHz MHz MHz MHz
214 - - - 0
213 528(5) [2] - 4525(5) [1] 707(14)
212 - - - 1025(12)
211 151(2) [21] 103(6) [21] 1299.7(0.8) [1] 1755(14)
210 - - - 1884(16)
209 148(10) [21] 104(38) [21] 1276(20)a 2645(56)
a Calculated using Eq. 5
dipole A and the electric quadrupole B hyperfine con-
stants for those states (Table III). For the 6d 2D3/2 state,
the hyperfine constants have been derived from measured
hyperfine intervals [2, 21]. The hyperfine constants A for
the 7p 2P1/2 state are taken from [1]. For the case of
209Ra+ no value has been reported. It is derived with
the nuclear magnetic moments µ [22] using
A(7p 2P1/2,
209 Ra+)
A(7p 2P1/2,213 Ra+)
=
I(213Ra+)
I(209Ra+)
×
µ(209Ra+)
µ(213Ra+)
. (5)
The measured isotope shifts for all the even and odd iso-
topes (209−214Ra+) and the relevant hyperfine constants
for the 6d 2D3/2 and 7p
2P1/2 states in case of isotopes
with I 6=0 are given in Table III.
A King plot of the transformed isotope shifts of
the measured 6d 2D3/2 - 7p
2P1/2 transition against the
corresponding shifts of the 7s 1S0 - 7s7p
1P1 transition
in neutral radium [1] is shown in Fig. 4. The val-
ues for the atomic masses of the isotopes are taken
from [23]. The normal mass shift coefficient of the
6d 2D3/2 - 7p
2P1/2 transition in ionic radium is KNMS
= 152.4 GHz amu. For the 7s 1S0 - 7s7p
1P1 transition
in neutral radium, the normal mass shift coefficient is
KNMS = 340.8 GHz amu. Plotting the transformed iso-
tope shifts against each other show that the data satisfies
a linear relation within the measurement uncertainties
(Fig. 4). The slope determines the ratio of field shift co-
efficients, F 1079 nmFS /F
482 nm
FS = −0.342(15). The abscissa
determines the difference of the specific mass shift to be
−1.9(1.1) THz amu.
In summary, online laser spectroscopy has been
performed using a range of trapped, short-lived ra-
dium isotopes 209−214Ra+. Isotope shifts of 6d 2D3/2 -
7p 2P1/2 transition have been determined. A comparison
between these isotope shifts with another optical transi-
tion is made using a King plot analysis. This yields the
ratio of the field shifts and difference in the specific mass
shifts between the two transitions. This provides a test
of the atomic theory of Ra+ at the few percent level, in
particular of the 6d 2D3/2 states which are relevant for
an APV measurement.
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FIG. 4. (Color online) King plot of the transformed isotope
shifts (Eq. 3b and 4) of measured 6d 2D3/2 - 7p
2P1/2 transi-
tion (1079 nm) for the isotope chain 209−214Ra+ against the
corresponding shifts of the 7s 1S0 - 7s7p
1P1 transition (482
nm) in neutral radium isotopes. The uncertainties of the mea-
sured shifts of the 482 nm line in neutral radium are below 8
MHz. This leads to error bars which are smaller than the size
of markers in this plot.
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